We participated on the Iron-Ex II study in the equatorial Pacific to investigate ambient iron chemistry and its response to a mesoscale iron addition experiment. As expected, dissolved iron values in the high-nutrient, lowchlorophyll surface waters of the South Equatorial Current (4-6"S, 105-109"W) were extremely low . In studies of the chemical speciation of dissolved iron, we found two classes of Fe(III)-binding organic ligands-a strong ligand class (L,) with a conditional stability constant erdl,Fe(I,,), = 5 X lOI* M-l and a mean concentration of 310 pM, and a weaker class (L,) with a conditional stability constant ~~;&e(,,L)8 = 6 X 10" M-l and a mean concentration of 190 pM. The total Fe(III)-binding organic ligand concentrations were -25X higher than total dissolved iron concentrations . Thermodynamic equilibrium calculations indicate that >99.9% of the ambient dissolved Fe(II1) would be complexed with these organic ligands and exist as low-molecular-weight Fe(II1) chelates, with <O.l% (15 fM or -10 I4 M) existing as an inorganic Fe(II1)' fraction. In the primary Iron-Ex II study, the tbtal Fe(III)-binding ligand concentrations increased by 400% to -2 nM within a day or two after the initial 2 nM mesoscale iron injection. Most of this increase was due to the stronger ligand class, L,, which increased from 0.3 nM to 1.3 nM. The weaker ligand class increased by a similar percentage, although the total magnitude was smaller. Similar increases in Fe(III)-binding ligand concentrations were observed in a secondary Iron-Ex II experiment within 17 h after an initial low-iron 0.4 nM infusion. Results obtained from samples collected throughout the entire course of the iron-enrichment experiments suggest that these Fe(III)-binding organic ligands are produced rapidly in response to small iron additions to this low-iron regime. The chelated iron appears to be directly or in&r&y accessible for growth.
High-nutrient, low-chlorophyll (HNLC) regions such as the subarctic and equatorial Pacific and the Antarctic exhibit surface waters replete with the major plant nutrients-nitrate, phosphate, and silicic acid-yet standing stocks of phytoplankton remain lower than expected (Martin et al. 1994; Thomas 1969 Thomas , 1979 . The surface waters of these remote HNLC regions generally have dissolved iron concentrations on the order of 20-50 pM (Martin et al. 1988 (Martin et al. , 1990 (Martin et al. , 1994 . Measurements of total dissolved iron concentrations alone, however, are insufficient for understanding the accessibility of iron to phytoplankton. Knowledge of the chemical speciation of iron is critical for examining the mechanisms by which phytoplankton are fulfilling their iron requirements and is important for addressing the question of how the lack of iron limits phytoplankton productivity in certain regions of the oceans.
Recently, we developed a competitive ligand equilibration/adsorptive cathodic stripping voltammetric technique (CLE/ACSV, Rue and Bruland 1995) that is sensitive enough to measure Fe(II1) speciation even in low-Fe HNLC waters. In initial studies in the central North Pacific gyre we found that low concentrations of dissolved iron, coupled with an excess of strong Fe(III)-binding ligands, resulted in calculated equilibrium inorganic iron (Fe(II1)') concentrations as low as 0.01 pM (10 -14 M). More than 99.9% of the dissolved Fe was estimated to be chelated with natural organic ligands.
Recent studies of the interaction of iron with marink phytoplankton (Sunda and Huntsman 1995) have estimates of iron requirements and rates of iron uptake by phytoplankton. These studies, using laboratory cultures grown in artificial media containing synthetic organic ligands such as EDTA to buffer and set the concentrations of inorganic trace metal species (M'), were based on inorganic Fe(II1)' concentrations thought to exist in oceanic surface waters, assuming that organic complexation of iron was nonexistent. The observation that dissolved Fe(III) may exist primarily chelated by organic ligands (Gledhill and van den Berg 1994; Rue and Bruland 1995; van den Berg 1995) , thereby substantially lowering the inorganic iron concentration, forces us to alter our thinking about oceanic iron chemistry and its relationship to phytoplankton. Table 1 . Date, day of year (DOY), Greenwich mean time (GMT), day designation with respect to the time course, and latitude and longitude for outside water samples collected and analyzed in order to establish ambient iron speciation conditions. A time course was established by considering time 0 to be the middle of the initial iron injection to create patch 1, and subsequent day assignments to reflect absolute time elapsed. Day -1 represents the prerelease study. The Iron-Ex II experiment was a multi-investigator, mesoscale, iron-enrichment experiment to test the hypothesis that iron availability limits phytoplankton production in these HNLC regions of the oceans (Coale et al. 1996) . Here, we report the chemical speciation of iron in the HNLC region of the equatorial Pacific from samples just outside of the iron-enriched patch areas, collected prior to and during the iron-enrichment experiments, in order to characterize ambient equatorial Pacific conditions. In addition, we investigated changes in iron speciation in response to iron additions from samples taken inside iron-infused patches. From these results, we were able to evaluate the changes in Fe(III)-binding ligand concentrations and iron speciation throughout the evolution of the enrichment experiments.
Date

Methods
Study site-The Iron-Ex II mesoscale iron-enrichment experiment in the equatorial Pacific was conducted in the surface waters of the South Equatorial Pacific Current, -500 km south of the Galapagos Islands (Coale et al. 1996) . A total of three patches were created. Patches 1 and 3 contained iron and the inert chemical tracer, SF,. Patch 2 contained only SF,, serving as a control patch. Times and locations for samples taken from the outside stations analyzed are presented in Table 1 . Samples collected throughout the course of the iron-enrichment experiments were taken from various locations within the center of the iron-enriched patches. Patch 1 was created by infusing an area approximately 8 X 9 km in dimension, centered around 4"S, 105"W. Patches 2 and 3 were created by infusing areas of approximately 3 X 8 km each in dimension, centered around 6'S, 108"W and 6'S, lOSoW, respectively. Times and locations for samples taken from the inside stations analyzed from patches 1 and 3 are presented in Table 2 .
Sampling--Samples for this study were taken from within the surface mixed-layer, primarily at a depth of 15 m and were collected with Teflon-coated, 30-liter GO-F10 bottles (General Oceanics) suspended on nonmetallic Kevlar line (Philadelphia Resins). Samples were then filtered directly through acid-washed 142~mm-diam, 0.4-pm pore size Nuclepore filters polyethylene mounted within Teflon (PTFE) filter sandwiches into Teflon (FEP) or fluorinated high-density (FHDPE) bottles that had been rigorously acid cleaned. These procedures have been shown to allow for collection of uncontaminated samples for trace metal analysis (Bruland et al. 1979; Martin and Gordon 1988; Rue and Bruland 1995) .
Total dissolved iron-Total dissolved iron was analyzed using a new technique using UV oxidation followed by the determination of iron by adsorptive cathodic stripping voltammetry (ACSV; Rue and Bruland 1995) . Subsamples (90 ml) were placed in acid-cleaned, air-tight, loo-ml containers constructed of Teflon (PFA) with a quartz window (7 cm   Table 2 . Date, day of year (DOY), Greenwich mean time (GMT), day designation with respect to the time course, and latitude and longitude for inside water samples collected and analyzed from patches 1 and 3. A time course was established by considering time 0 to be the middle of the initial iron injection to create patches 1 and 3 on 29 May at 1900 h and 9 June at 0500 h, respectively, and subsequent day designations to reflect absolute time elapsed. diam) built into the screw-on lid. They were then inserted into a stainless steel UV-oxidation system (Jelight) and exposed to UV light at a wavelength of 254 nm with an intensity of 25,000 pW cmp2. Based upon laboratory experiments using model Fe(III)-binding organic ligands such as protoporphyrin-IX and Desferal, as well as field experiments on natural samples, it was determined that 90 min was sufficient to destroy the Fe(III)-binding capacity of natural organic ligands in samples. Analyses for dissolved Fe were then performed on the UV-irradiated samples using the ACSV portion of our previously published technique (Rue and Bruland 1995) with the added ligand salicylaldoxime. The detection limit, calculated from 3 s of the mean blank (5 PM) for a deposition time of 10 min, was 10 pM.
Speciation-Iron speciation analyses were performed on the untreated filtered samples using competitive ligand equilibration, with the added ligand salicylaldoxime, followed by adsorptive cathodic stripping voltammetry (Rue and Bruland 1995) . Typically, iron titrations were performed on the samples <3 h after the water was collected and filtered. Titration data were interpreted using Scatchard and Langmuir transformations (Ruzic 1982) and ligand class concentrations and their respective conditional stability constants calculated. These approaches indicated the presence of two classes of Fe(III)-binding ligands. The term "ligand concentration" should be more accurately represented as an "iron-binding equivalence concentration," because we do not know the exact chemical nature of these ligands. We therefore use the term "ligand class" to account for the ambiguity in the precise nature of the Fe(III)-binding chelators we are measuring. The conditional stability constants we report are with respect to Fe(II1)' (the summed concentration of the inorganic hydrolysis species of Fe (II1) As a result, these conditional stability constants differ markedly from thermodynamic stability constants relating free Fe3+ and Lfl- (Rue and Bruland 1995) due to the large (and in the case of the organic ligands, unknown) side reaction coefficients. For comparison purposes, our conditional stability constants with respect to Fe(II1)' can be multiplied by 10" to obtain conditional stability constants with respect to Fe3+ or pz$I:c3 +.
Results
Ambient iron speciation-Surface waters from this lowiron, HNLC regime of the equatorial Pacific exhibited nitrate concentrations of 10-l 1 PM and chlorophyll concentrations of 0.1-0.2 mg rnh3 (Coale et al. 1996) , values characteristic of HNLC regions. Surface water concentrations of dissolved Fe at the 7 outside stations ranged from 15 to 37 pM, with a mean value of [Fe,] = 21 pM. Iron titrations were performed to determine Fe(III)-binding ligand concentrations and their conditional stability constants in order to then estimate the ambient Fe speciation. A representative titration for an outside station, along with its Scatchard and Langmuir linearizations, is presented in CM-') 6.5+(3.7)X 10" (Table 3) . These ligand concentrations and conditional stability constants result in calculated equilibrium values for Fe(II1)' on the order of 0.015 pM (15 fM). We calculate that at equilibrium >99.9% of the total dissolved Fe(II1) would exist organically chelated; 92% bound by the stronger ligand class as Fe(TII)L, and 8% by the weaker ligand class. Preliminary results based upon ultrafiltration studies (Wells unpubl.) suggest that -85% of this chelated dissolved iron passes through a filter with a nominal molecular weight cutoff of 1,000 Da. Thus, the vast majority of dissolved iron in this region can be defined as truly soluble, existing as lowmolecular-weight Fe(II1) chelates (<--1,000 Da).
Note that the calculated equilibrium values for Fe(TI1)' (Table 3 ) are likely to be reasonable estimates for samples filtered and stored a few hours prior to analysis or existing in situ under ambient night-time conditions. However, in near-surface waters under daylight conditions, where photoreduction processes may be important, both Fe(I1)' and Fe(II1)' steady-state concentrations could be substantially higher than the computed equilibrium values (see later discussion).
Iron fertilization experiment-The
Iron-Ex II experiment was performed with the general goal to evaluate the question of whether iron limitation controls phytoplankton production in HNLC waters. This hypothesis was investigated in the equatorial Pacific by performing multiple mesoscale iron infusions in order to sustain elevated iron concentrations in an attempt to magnify the biological and geochemical signals above that seen in Iron-Ex I. Our specific goal was to document changes in aquatic iron chemistry throughout the study. A study area, termed a patch, was formed by injecting iron and SF, to create an estimated 2 nM iron enrichment extending to a depth of -35 m. Two more 1 nM iron infusions were added to this patch at 3-4-d successive intervals. Details of the enrichments are given by Coale et al. (1996) . In addition, a control area, termed patch 2, was created that contained just SF,, and a separate, secondary, lowiron (0.4 nM) infused area, patch 3, was also created.
Total dissolved iron determinations-The concentrations of total dissolved iron over the duration of the enrichment experiment (17 d) for patch 1 are plotted in Fig. 2A . These samples were taken in the middle of the patch at the point corresponding to the highest SF, concentration. A time line was established by considering time 0 to be the midpoint of the initial iron injections to create the patch; subsequent times then reflected the time elapsed from that point. Thus, the prerelease study performed at the patch 1 site is designated as day -1. On day 0 ( Fig. 2A) an intended initial iron addition of 2 nM was made, which represents a loo-fold increase over ambient levels of total dissolved iron (-20 PM). On day 0.8, we observed a dissolved iron concentration of 2.8 nM, a value close to the intended iron addition.
By day 2 the dissolved iron concentration was down to <50 pM. Based on dilution estimates from the observed decrease in SF, levels, this amounts to less than a few percent of the infused iron concentration if it were behaving conservatively. The dissolved iron had been rapidly removed to values only two to three times ambient. On day 3, a second, lower iron injection was made at a projected concentration of 1 nM. At -5 h after this injection, we measured a concentration of 0.95 nM, again, a value very close to the intended iron addition. Three days after this injection (day 6), total dissolved iron concentrations were reduced to near ambient levels. A third addition, intended again to be 1 nM, was injected during day 7, and in just 1 d, total dissolved iron concentrations once again were lowered to ambient levels. After this point, there were no further iron additions to this patch, and total dissolved iron concentrations remained at near ambient levels (-20 PM) until the experiment was completed on day 17.
In the case of patch 3 (Fig. 2B ), the secondary low-iron enrichment infusion, the initial iron injection created a dissolved iron-enriched patch intended to be 0.4 nM. The first trace metal GO-F10 sample was collected 17 h later (day 0.7 of patch 3), and by then the iron concentration had already dropped to just two times ambient levels (40 PM), and in just another I7 h (day 1.4), it had reached ambient levels.
Iron speciation determinations--iron speciation measurements to determine concentrations and conditional stability constants of Fe(III)-binding ligands were made throughout the development of the iron-enrichment patches. Dates and locations of samples taken from inside stations can be found in Table 2 . Table 4 presents the iron speciation results for the inside stations from patches 1 and 3. A representative titration of an inside station, day 6 in patch 1, is presented in Fig. 3 along with its Scatchard and Langmuir linearizations. Figure 4 shows the changes in concentrations of these two ligand classes after the iron enrichments in patch 1. In the first trace metal sample collected 18 h after the initial 2 nM iron infusion, the summed concentration of the two ligand classes had increased by a factor of 4.3, from 0.5 to 2.2 nM. This rapid initial increase in total ligand concentration was due more to an increase in the concentration of the strong class of ligands (+ 1.1 nM) than the weaker class (+0.7 nM). By day 1.8 the total dissolved iron had decreased to a value just two to three times ambient levels and the total ligand concentration was 1.6 nM, 83% of which represented the strong ligand class. The second infusion in patch 1 (of an intended 1 nM iron) on day 3 did not result in further rapid increases in either ligand class, which remained above the Table 4 . Iron speciation results from the "inside" stations of patches 1; and 3, with predicted initial iron additions of 2 nM and 0.4 nM, respectively. Exact times and locations are found in Table  2 . Day designations are with respect to the cstablishcd time course (see text) .: concentration of added Fe (1 nM). The stronger ligand class (L,) concentration remained relatively uniform at 1.0-l .5 nM from day 1 through 9. By the end of the experiment on day 17, the L, concentration was 0.8 nM, a value still 2.5 times greater than ambient L, concentrations. In contrast, the concentration of the weaker ligand class (L,) generally increased from -0.2 nM under ambient conditions to 2.0 nM after 17 d.
In the case of patch 3 with a 0.4 nM iron addition, the concentrations of both the stronger and weaker classes of ligands increased significantly in just 17 h (day 0.7); [L,] increased by almost a factor of five and [L,] by almost a factor of four (Fig. 5) . By the time we left this particular experimental patch, on day 2.4, the concentration of the stronger class of ligands had increased to almost six times ambient values ( 1.8 nM). The production of L, in patch 3, with the low-iron 0.4 nM addition, was slightly greater than in patch 1 with the 2 nM iron addition.
Discussion
Ambient iron speciation-The mean surface water dissolved iron concentration of 21 pM observed at the outside stations in the equatorial Pacific is consistent with ambient values reported by Martin et al. (1994) . These equatorial Pacific surface water concentrations are the lowest values so far observed in any oceanographic regime; remote HNLC regions of the subarctic Pacific and the Antarctic appear to have surface water dissolved Fe concentrations closer to 50 pM (Martin and Gordon, 1988; Martin et al. 1990 ). Rue and Bruland (unpubl.) estimated turnover or residence times for dissolved iron in the surface 100 m of this region with respect to assimilation by the plankton community to be on the order of only 0.5 d under these ambient conditions. This estimate is in agreement with radiotracer studies of Price et al. (1994) . The arrows indicate times of iron injections: day 0 was 2 nM addition, day 3 was 1 nM addition, and day 7.2 was 1 nM addition. The concentrations of ligands for the initial sampling period are represented with squares. There is some uncertainty associated with the interpretation of these initial points (see discussion). Exact dates, times, and locations for samples are presented in Table 2 . Exact dates, times, and locations for these samples are presented in Table 2 .
Our results show that under ambient conditions dissolved Fe(TII) is overwhelmingly bound by strong organic ligands. We have interpreted the titration data as consistent with the presence of two classes of Fe(III)-binding organic ligands, L, with cz-;ll I Vc(,,,)' = -5 X lOI M-l and L 2 with Q:;l;:&r;c(,n)l = -6 X 10tl' M I, The Fe(III)L, species are primarily low-molecular-weight entities (< -1,000 Da). The calculated equilibrium concentration of Fe(II1)' is -10 fM (lo-l4 M)-a value well below the diffusion-limited concentration for adequate iron uptake by oceanic nanoplankton (>2 pm in size) (Hudson and Morel 1993; Sunda and Huntsman 1995) and likely even for the smaller picoplankton. The organically complexed Fe(III)L, species must therefore be somehow directly or indirectly accessible to the biological community over short time scales.
One possibility is that a component of the Fe(III)L, species we measured are siderophores, specific Fe(III)-uptake chelators, a chemically diverse group of Fe(III)-binding ligands released into the environment by microorganisms under irondeficient conditions that facilitate iron uptake. There is evidence for siderophore production by marine phytoplankton (particularly Synechococcus sp.) (Wilhelm and Trick 1994, 1995) and marine heterotrophic bacteria (Reid et al. 1993) in low-iron media. Autotrophic bacteria such as Synechococcus sp. and Prochlorococcus sp., as well as heterotrophic bacteria, are extremely abundant in the surface waters of the equatorial Pacific waters (Chavez et al. 1991; Kirchman et al. 1995) . The conditional stability constants of the Fe(III)-binding ligands we measured are similar to those of siderophores produced by both autotrophic and heterotrophic marine bacteria (Rue and Bruland 1995; Rue et al. unpubl.) .
Another possiblity is that the Fe(III)-binding ligands are inadvertantly released to solution from the plankton community as a result of grazing and cell lysis. We have previously suggested that porphyrin-type ligands, released as degradation products of cytochrome-containing systems, might be the source of the weaker (L,) class of ligands (Rue and Bruland 1995) .
Iron fertilization experiment-In both patch 1 and 3, the rapid production of Fe(III)-binding ligands was observed upon the addition of small amounts of iron to the system. If these ligands are siderophores, then our results appear somewhat at odds with the results of laboratory work on siderophore production. Laboratory studies show the induction of siderophore production under iron depletion. In the low-Fe HNLC equatorial Pacific, we observed the presence under ambient conditions of an excess of strong Fe(III)-binding organic ligands, some of which may have been siderophores. This observation is consistent with the production of siderophores under Fe-deplete conditions. The surprising observation, however, is that we observed a rapid increase in Fe(III)-binding ligand concentrations following small iron additions (0.4-2 nM). In particular, the stronger class of Fe(III)-binding ligands, L,, exhibited a rapid increase following the initial iron infusion of the patches. Does this rule out L, being a siderophore? Probably not, because the production of siderophores could be a conditioned response of these ambient iron-deficient populations to an iron input. Longterm iron deficiency has not been tested in cultures. It may be that under these iron-deficient conditions, a small iron input would lead to an immediate increase in siderophore production to take advantage of such a pulsed input.
There are two distinctly different interpretations that can be made from our speciation results of the first sampling point in patch 1 (after 18 h). Here, the total Fe was 2.8 nM, a value in excess of [L,] (the only sample for which [Fe,] exceeded [L.,.]). The SA-labile Fe in this sample was 1.5 nM-leaving 1.3 nM (46%) of the dissolved Fe as a non-SA-labile form. Wells (unpubl.) has ultrafiltration results that suggest that at the first sampling, just after the initial 2 nM Fe infusion, >90% of this added Fe existed in a colloidal form (> -1 kDa) . If the bulk of this colloidal Fe existed as forms of Fe-oxyhydroxides, and some of these forms were chemically inert to SA, then they may appear as non-SAlabile organic phases.
However, by the second sampling period (day 1.8) there was clear evidence of a large excess of [Li'] relative to [Fe,] ; total dissolved iron concentrations had decreased substantially by this sampling point so that L,' was clearly observable in the titration data (e.g. see Fig. 3 ). There is no doubt that a substantial amount of excess Fe(III)-binding ligands had been produced within 1.8 d. It is possible that this Fe pulse might have resulted in a fourfold increase in the ambient L, concentration even at the initial sampling point, just 18 h after the midpoint of the 2 nM Fe infusion. In reality, it is likely that the situation existing at the initial sampling point following the 2 nM Fe infusion in patch 1 is some combination of these two scenarios. In Fig. 4 we have labeled the initial sample results in patch 1 with squares (in contrast to the remaining data as circles) to highlight the uncertainty of the interpretation for this initial data point.
Further support for the rapid production of L, comes from the results of patch 3, where the low-iron 0.4 nM Fe addition resulted in the concentrations of both the stronger and weaker classes of ligands increasing significantly in just 17 h; [L,] increased to 1.2 nM and [LJ to 0.8 nM. In this case, involving the low-iron infusion in patch 3, the bulk of both classes of ligands existed as excess Li' and there was no doubt that these Fe(III)-binding ligands had been rapidly produced within just 17 h.
If the first 2 nM iron infusion in patch 1 initially resulted in formation of colloidal Fe-oxyhydroxides, then the production of Fe(III)-binding ligand could serve to solubilize this colloidal Fe before it was lost to the system by further aggregation. This could be via a direct solubilization of the colloidal Fe by the Fe(III)-binding ligands or indirectly by chelating the Fe(II1) being formed from a photochemical cycle, whereby the freshly formed colloidal Fe is photochemically reduced to Fe(II)', which in turn is rapidly oxidized to Fe(III)', which is then chelated with the freshly produced ligands.
As a result of these processes, iron would tend to be kept solubilized (and potentially available) as low-molecularweight soluble Fe(III)-chelates, rather than precipitating as colloidal oxyhydroxides that could aggregate. Atmospheric inputs of iron generally occur as pulsed inputs (Duce and Tindale 1991) , so it is not surprising to see such a community response to take advantage of such pulsed iron infusions. Interestingly, the production of L, was as much or greater in the low-iron patch 3 (with only 0.4 nM of iron added) as in the primary patch 1 (with 2 nM iron added). In the second and third infusions of 1 nM iron to patch 1, [L,] had already increased and now exceeded the concentrations of additional added iron, and there was no further rapid increase in [L,] . The concentration of L, appeared to increase rapidly in response to the initial Fe addition and then was relatively stable (at concentrations of 1.0-l .5 nM) from day 1 through 9 of patch 1. Does this mean that [L,] is regulated as an active functional response of the plankton community? Possibly, but again it would be difficult to prove. In summary, a siderophore explanation, with L, being inducible, excreted, and regulated, cannot be proven, but at the same time it cannot be ruled out.
The weaker class of Fe(III)-binding ligands, L,, increased in patch 1 from -0.2 nM to 2 nM after 17 d. This pattern is reflective of the increase in biomass and may be a result of the increase in algal biosynthetic rates and subsequent increases in recycling and regeneration of iron and Fe-binding ligands such as porphyrins by the biota.
Availability of chelated Fe-Regardless of whether L, is a siderophore and L, a metabolic byproduct released indirectly by grazing and cell lysis, the production of Fe(III)-binding organic ligands could maintain higher Fe availability. Two possible mechanisms by which Fe(III)Li would be generally accessible to the phytoplankton community are via a cell-surface reduction process and photochemical cycling.
Fe(III)L, species could be directly available to phytoplankton (particularly eukaryotic cells without a siderophore uptake mechanism) via the use of plasma-membrane reductases to reduce the chelated Fe(II1) at the cell surface, whereby the Fe(I1) readily dissociates from the ligand and then is acquired by a porter site. This type of reductive activity has been reported by several investigators who suggest it is mediated by one or more plasmalemma redox enzymes (Jones et al. 1987; Jones and Morel 1988) . These are proteins that span the cell membrane and can transfer electrons from an internal reductant (such as NADH) to an external acceptor. Recently, Price and Maldonado (1995) presented evidence that nitrate-grown diatoms are able to obtain iron from a nonspecific reduction of Fe(II1) chelates at the cell surface. They suggested that nitrate (or perhaps nitrite) reductase may be involved, as the plasmalemma redox protein, in the uptake of iron. Such a mechanism would allow the diatoms to "pirate" the Fe-siderophores and other Fe(III)L, species, thus making chelated Fe(II1) accessible (Wells et al. 1995) .
Alternatively, photochemical processes may render the iron in these Fe(III)L, complexes accessible. The idea that iron availability may be influenced by photochemical processes has been considered previously for colloidal oxyhydroxide species (Wells and Mayer 199 1; Johnson et al. 1994) , where the photoreductive dissolution and reprecipitation of colloidal iron occurs. While such solid-phase photochemical processes could have affected Fe availability during the initial stages of Fe infusion, under ambient conditions total dissolved iron is only 21 pM, well below solubility estimates for most colloidal oxyhydroxide species. A rough estimate of the photoreduction rate of Fe(III)Li in sunlit surface seawater is kretl = lo--" s-l. This value was obtained from estimates by Kuma et al. (1995) who used hydroxycarboxylic acids as a proxy for dissolved Fe(III)-binding organic ligands in seawater, and estimates of Miller et al. (I 995) who measured rate constants using Fe(II1) bound to natural dissolved organic matter from the estuarine waters of the Narragansett Bay. With this rate constant, an estimate of the half-life of the Fe(III)L, pool under sunlit surface water conditions would be -2 h.
The subsequent oxidation rate constant of Fe(II)', k,,,, is reported to be on the order of -2 X lo-3 s - I (Miller0 et al. 1987; Miller0 and Sotolongo 1989; Johnson et al. 1994) . Thus, the half-life of the dissolved Fe(T1)' would be on the order of 5 min. In our situation, this would result in a transient Fe(I1)' concentration of -0.8 pM, a value -4% of the [Fe(III)L,]. A weakness in this calculation is our lack of knowledge of Fe(I1) speciation. At this point we have no evidence that organic complexation of Fe(I1) is an important process or not; for the purpose of these calculations, we have assumed it is not significant.
The Fe(I1)' oxidation forms Fe(II1)' that then chelates with another Li' with a rate constant of 2 X 10h6 M -I s-l (Hudson et al. 1992; Rue and Bruland 1995) . At an Li' concentration of 500 pM, Fe(II1)' would have an estimated half-life of 12 min with respect to chelating with an Fe(III)-binding ligand. Under these conditions, the estimated Fe(II1)' concentration would be on the order of -2 pM or -10% of the [Fe(III)LJ.
This Fe(II1)' concentration of 2 pM, predicted to occur in ambient sunlit surface waters of the equatorial Pacific due to the photoreduction cycle of Fe(III)L,, is 200 times greater than the concentration predicted based upon equilibrium thermodynamic calculations. A concentration of 2 pM also happens to roughly equal the diffusion-limiting concentration of Fe(I1.l)' estimated to be required to support the growth of small oceanic phytoplankton, such as the diatom Thalassiosira oceanica and the coccolithophorid Emiliania huxleyi, at a growth rate of 0.5 d-l (Sunda and Huntsman 1995) .
An additional question concerns how stable or what is the lifetime of the excess Fe(IlI)-binding ligands, Li'. The mechanism behind the estimate for the photochemical degradation of the Fe(III)L,, pool, resulting in its -2-h half-life, involves the photoreduction of Fe(II1) to Fe(II), coupled to the photooxidation of the Fe(III)-binding ligand, L', to L* (an oxidized degraded form that presumably has lost much of its Fe(III)-binding character). Given an ambient [L'] of -500 pM, together with the assumption that its principal degradation mechanism is via this coupled photochemical reaction, the half-life of L' would then be on the order of -2.5 d. Thus, iron could potentially be acting as a catalyst (during daylight hours) for the destruction of L' on the time scales of several days. If this were the case, a large diel change in [L'] would not be expected-a prediction consistent with the observed results.
The observed removal of dissolved iron following the first infusion in patch 1 occurred on the order of 2 d. This raises the question of how was the iron so rapidly removed. One possibility is that the major removal mechanism is colloid aggregation into larger particles. We, however, tend to look toward the plankton community as playing the dominant role in removing the added Fe. Based upon an estimate of a daily iron requirement for the ambient plankton community of -34 pM (Rue and Bruland unpubl.) and the 2 nM addition to the system in the initial infusion, the removal of this added iron by the biological community would have taken -60 d, assuming the ambient assimilation rates remained unchanged. The observed faster removal rate could be explained, however, by cellular iron uptake rates increasing to above that needed to minimally support cell metabolism, i.e. luxury uptake.
In laboratory studies with the oceanic diatom T. oceanica, Sunda and Huntsman (1995) observed a 34-fold increase in the iron uptake rate (pm01 Fe (mol C)-l d-l) upon an increase in [Fe'] from 2 to 200 pM. The value of 2 pM corresponds to our estimated [Fe'] under daytime ambient conditions invoking photoreduction of the ambient Fe(III)L complex (previous discussion), while the value of 200 pM is what would be expected for a 2 nM iron addition with similar photoreduction rates. Such a 34-fold increase in iron uptake with the increased iron supply would account for the observed removal of the added iron in roughly 2 d. The removal rate of iron depends upon both the cellular Fe : C ratio and the growth rate. The diatom species that bloomed upon the iron enrichment likely had an increased growth rate as well as a greater Fe : C ratio due to luxury uptake at the higher [Fe'].
There appeared to be an increase in the removal rate of dissolved iron from the surface waters upon each successive iron addition. This is likely due to the corresponding increase in biomass observed as the patch evolved. Before the initial infusion in the first patch, the chlorophyll concentration was -0.15 mg rnp3. At the time of the second and third infusions, the chlorophyll concentrations had increased to -1.2 and almost 3 mg m-", respectively (Coale et al. 1996) . The order-of-magnitude higher biomass would result in a proportionately greater iron uptake rate and the infused iron would, thus, be removed from the dissolved pool much more rapidly. This is consistent with results from Price et al. (1994) where increased short-term ""Fe uptake rates into particles were observed in samples from the equatorial Pacific containing higher Chl a concentrations relative to those samples with lower Chl a concentrations.
The observed 20-fold increase in the overall chlorophyll concentration in patch 1, resulting primarily from an ironinduced diatom bloom, raises an interesting question. How is the biological iron demand by the increasing diatom population continuing to be met when the total dissolved iron supply is rapidly exhausted to ambient levels of -20 pM? One way this demand may be met is by cellular iron stores that had been rapidly accumulated during luxury uptake at the much higher iron levels existing when the iron was pulsed into the system. After the dissolved iron was depleted, the cells could continue growing on their intracellular iron stores. Sunda and Huntsman (1995) report luxury iron uptake in Fe-replete laboratory cultures of diatoms that resulted in Fe : C ratios nearly 20-30 times higher than those needed for maximum growth. The high iron uptake and storage capacity of these diatoms allows them to accumulate excess iron during periods of higher availability, to be used later as the extracellular Fe concentration becomes limiting. Sunda and Huntsman (1995) suggest that the "ability for luxury uptake would be of greatest benefit to species, such as diatoms, which bloom episodically under conditions of high major nutrient availability and favorable light." As the bloom progresses and the diatom populations continue to utilize their stored internal pools of iron, their Fe : C ratio will begin to decrease, most likely toward the value of the minimum reported metabolic requirement for oceanic species to maintain adequate growth at iron-limited rates, e.g. 2-3 pm01 Fe (mol C)-l for a specific growth rate of 0.5 d-l (Sunda and Huntsman 1995) .
. In addition to their ability to utilize intracellular iron sources accumulated during periods of luxury uptake, as grazing begins to pick up in response to increased biomass there would also be increased rates of remineralization of cells with higher Fe : C ratios, allowing for iron to be reassimilated by an increased biomass of diatoms growing with lower Fe : C ratios. As in the case of the ambient, low-iron conditions (Hutchins et al. 1993 ), a major source of iron for these organisms in this iron-enriched system would result from recycling and regeneration processes.
Conclusion
The novelty of this work is the application of a new iron speciation technique to iron-limited HNLC surface waters and the examination of changes in Fe(II1) speciation and Fe(III)-binding ligands associated with the Iron-Ex II experiment. The results raise a number of questions and point out the need for future research. What are these Fe(IIT)-binding organic ligands? Are the L, class of Fe(III)-binding ligands, apparently produced in rapid response to increased Fe levels, siderophores? Are they inducible, excreted, and regulated? What about the L, class of ligands? We need better estimates of the photochemical reactivity of the Fe(III)Li species. We know little about the ambient speciation of Fe(II), and it is possible (even likely, in view of the known reactivity of other divalent trace metals -Bruland et al. 1991 ) that Fe(I1) is complexed by organic ligands. Highly sensitive methods for determining the extent to which Fe(I1) is organically chelated need to be developed. Ideally, direct measurement of Fe(II1)' and Fe(l1)' need to be made. If our estimates are correct, Fe(II1)' and Fe(I1)' levels are in the range of femtomolar to a few picomolar in concentration. At these concentrations, it will be an extraordinary analytical challenge to determine these inorganic Fe species directly.
